Although it is clear that chylomicron remnants are atherogenic, events leading to their internalization by macrophages are still debated. The lack of apoE (apolipoprotein E) in CRLPs (chylomicron remnant-like particles) reduces macrophage TAG (triacylglycerol) content by approx. 50%, suggesting that, as well as apoE-mediated endocytic uptake, apoE receptor-independent mechanisms are involved in the induction of foam cells by chylomicron remnants. Evaluation of the radioactivity associated with macrophages after incubation with CRLPs containing radiolabelled lipids suggests that the TAG and cholesterol carried by the particles have different kinetics of internalization. In addition, inhibition-based experiments indicate that cholesteryl ester-selective uptake and the extracellular lipoprotein lipase hydrolysis of TAG contribute to cholesterol and TAG accumulation respectively. Thus plasma TAG and cholesterol carried by remnant particles have to be considered two independent and non-interchangeable risk factors for athero-related diseases. In addition, the interaction between CRLPs and macrophages is modulated by dietary oxidized lipids and other lipophilic components. The presence of oxidized lipids, such as 7β-hydroxycholesterol and 7-oxocholesterol, the major cholesterol oxidation products found in atherosclerotic lesions, in CRLPs interferes with the mechanisms of their internalization, but does not cause quantitative changes of accumulated lipids, while the presence of the plant carotenoid, lycopene, or the antioxidant drug, probucol, enhances lipid accumulation in macrophages by increasing the rate of uptake of the particles and raising the intracellular synthesis of TAG. In conclusion, several mechanisms contribute to the macrophage uptake of postprandial lipoproteins, however, little is known of the balance and modulation between the different pathways.
Introduction
Arteriosclerosis is the major cause of most heart attacks and strokes. A possible target in the struggle against development of arteriosclerosis and related diseases is the macrophage foam cell. These macrophages play a central role in atherosclerotic lesion development as they mediate the inflammatory response in the intima and are an early site for lipid accumulation.
Foam cells are monocyte macrophages which have invaded the arterial tissue and scavenged atherogenic lipoproteins in an unregulated manner, becoming engorged with lipid [1] . Atherogenic lipoproteins include both LDL (lowdensity lipoprotein) and chylomicron remnants [2, 3] . Thus, different types of cholesterol-containing particles may enter macrophages. The fate of cholesterol that enters these cells may help or hinder cholesterol removal from the vessel wall. Thus, macrophage functions determine whether cholesterol is removed from the lesions or remains accumulated in the vessel wall.
Dietary lipids absorbed during digestion are packaged into large lipid particles called chylomicrons, that are trans-formed, by the extrahepatic capillary lipolysis, into smaller chylomicron remnants which deliver the remaining dietary lipids to the liver [4] . Because of the large size of chylomicrons, it has been assumed that they cannot enter the vessel wall nor interact with artery wall macrophages. In contrast, it has been shown that the smaller chylomicron remnant particles may be taken up by several types of macrophages and cause extensive TAG (triacylglycerol) and cholesterol accumulation, thus inducing foam cell formation [5, 6] . In addition, current evidence indicates that chylomicron remnants, particularly when their removal from the serum is delayed, are an independent risk factor in the pathogenesis of atherosclerosis [7] . Currently, several mechanisms are considered to play a role in the uptake of chylomicron remnants by macrophages [5, 6, 8, 9] , however, there is no agreement about these mechanisms of uptake. Thus though it is now clear that chylomicron remnants are pro-atherogenic lipoproteins, events leading to their incorporation by macrophages are poorly understood.
This work reviews and updates some of our work on the role of chylomicron remnants in foam cell formation. Two major aspects will be highlighted. The first focus is on the mechanisms involved in metabolism of lipids carried by chylomicron remnants in human macrophages. Furthermore, since dietary lipophilic components, including antioxidants and oxidized lipids, are transported in the blood in chylomicron remnants and have the opportunity to interact directly with the artery wall influencing atheroma development during this time [4] , some of the studies on the influence of such compounds on lipid accumulation induced by the chylomicron remnants are summarized.
Since it is difficult to isolate chylomicron remnants from human blood because of contamination by other lipoproteins, most of the experiments to investigate macrophage lipid metabolism were performed with CRLPs (chylomicron remnant-like particles). These particles mimic the effects of physiological remnants in macrophages and in several cell models [5, [10] [11] [12] and provide better reproducibility of chylomicron remnants particle composition in comparison with postprandial particles isolated from human blood. Furthermore, lipophilic molecules, such as oxysterols or antioxidants, can easily be incorporated into the model particles, making it a suitable and convenient model to study lipid metabolism. As additional advantage of the CRLP model is that particles without apoE can be prepared, omitting the incubation with human plasma [12] . However, part of the reported studies have been carried out also with murine chylomicron remnants as well as human postprandial TAG-rich lipoproteins. The principal cell model used in these studies are HMDMs (human monocytederived macrophages) [13] , which represent the major cellular progenitor of foam cells in the intima where atherosclerotic plaques form; however, the murine J774.2 as well as the human THP-1 monocytic cell lines were also used.
Chylomicron remnants lipid metabolism in human macrophages
The most generally accepted pathway for macrophage uptake of chylomicron remnants is via the LDL receptor mediated by the apoE (apolipoprotein E) component of chylomicron remnants functioning as the LDL receptor ligand [6, 8] . However, from studies in cells devoid of LDL receptor activity, there is evidence that there may be chylomicron remnant uptake pathways in macrophages independent of the LDL receptor, and that uptake may also be mediated by other mechanisms [9] . Currently, both receptor-dependent and independent processes are considered to play a role in the uptake of chylomicron remnants by macrophages [6, 8, 9, 13, 14] , but events leading to uptake and degradation this lipoprotein are not clarified, yet.
With the aim of investigating the role of apoE in the induction of macrophage lipid accumulation by chylomicron remnants, we measured the TAG and cholesterol content of macrophages incubated with both CRLPs containing and lacking human apoE. We found that [14] , in comparison with CRLPs containing apoE, CRLPs without apoE reduced by approx. 45% the considerable accumulation of TAG induced by these particles, while the smaller increase in intracellular cholesterol was not affected.
Thus, since the macrophage lipid accumulation induced by chylomicron remnants is only partially due to apoEreceptor-dependent uptake, we investigated further whether other mechanisms can contribute to the internalization of [13] . Figure 1 , which shows the amount of label associated with the lipid classes recovered in HMDMs as a function of increasing concentration of CRLPs, indicates that the uptake of labelled CRLPs is followed by the degradation of the particles and that the labelled lipids re-distribute in the cellular lipid classes. Cell radioactivity recovery in HMDMs incubated with increasing amounts of (Figure 1, bottom panel) , showing the characteristics associated with an independent receptor pathway. This suggested to us the hypothesis that CE taken up from CRLPs by macrophages may be the results of uptake mechanisms different, totally or in part, from those responsible for the internalization of the TAG moiety.
A confirmation of the different internalization pathway for TAG and cholesterol carried by CRLPs was obtained from experiments with orlistat. It has been shown previously that LPL (lipoprotein lipase), which is synthesized and secreted by macrophages, has a role in mediating macrophage TAG accumulation from VLDL [15, 16] . To test the hypothesis that extracellular lipolysis is involved in the lipid accumulation induced by CRLPs, HMDMs were incubated with CRLPs in the presence of cytochalasin D (2 µg/ml), PI (polyinosinic acid, 50 µg/ml) or orlistat (2 µM), which inhibit endocytosis, scavenger receptors and LPL activities [13] respectively. As shown in Figure 2 , cytochalasin D does not impair CRLP-induced lipid accumulation, further indicating that the uptake of CRLP lipid seems to be largely independent of endocytosis. The increment in cell cholesterol induced by CRLPs was not affected by any of the treatments, while TAG accumulation was significantly reduced (approx. −65%) only by the LPL inhibitor, suggesting that extracellular lipolysis of TAG, which precedes the uptake of released fatty acids, markedly contributes to the TAG accumulation by the macrophages induced by CRLPs.
Further investigation of the mechanisms underlying the uptake of CE carried by CRLPs showed that the presence of factors, which prevent chylomicron remnant uptake by inhibiting the LDL receptor, LDL-receptor-related protein and endocytosis, does not impair CE metabolism in human macrophages. In contrast, the entrance of CE seems [13] . These results provide evidence that levels of plasma TAG and of cholesterol carried by remnant particles have to be considered two independent and non-interchangeable risk factors for athero-related diseases [13, 17] .
Role of oxidized lipids and dietary lipophilic compounds in macrophage metabolism of chylomicron remnants
The oxidation of lipoproteins, particularly LDL, is believed to play a major role in the aetiology of atherosclerosis [2] . During the transformation of chylomicrons into remnants in extrahepatic capillary beds, dietary lipids, including fats, their oxidized products, and lipid soluble antioxidants are retained by the particles [4] . Mechanisms for the oxidation of lipids in food include enzymatic oxidation, photo-oxidation, autooxidation and thermal oxidation during cooking procedures, and these may play a significant role in generating oxidized lipoproteins in the circulation, through their absorption in chylomicrons and transport in chylomicron remnants, as well as their subsequent packaging into endogenous lipoproteins [18] . In fact, dietary oxidized fatty acids as well as oxysterols have been reported to be absorbed via the lymph, transported in chylomicrons and delivered to the liver, where they are incorporated into VLDL [18, 19] .
Thus, in view of the importance of oxidative processes in macrophage foam cell formation, some studies have investigated whether oxidized lipids present in the diet modulate the macrophage metabolism of chylomicron remnants [20, 21] . In particular, we investigated the effects of the presence of 7β-hydroxycholesterol (5-cholestane-3β,7β-diol) and 7-oxocholesterol (5-cholesten-3β-ol-7-one), the major cholesterol oxidation products found in atherosclerotic lesions [22] and carried by CRLPs, affect their induction of macrophage lipid accumulation. In comparison with CRLPs not containing any oxysterols, the incorporation of either β-hydroxysterol or 7-oxocholesterol into CRLPs did not produce significant changes in the pattern of lipid metabolism by macrophages. Although experiments with radiolabelled lipids transported by CRLPs showed that oxysterols influence the uptake of the cholesterol carried by the particles by HMDMs, suggesting that oxysterols interfere with the mechanisms of internalization of the lipoprotein, these changes are not accompanied by quantitative changes in the amount of cell cholesterol accumulated, or by variation in the synthesis of TAG and CE [23] .
Oxidation with copper has been widely used to induce lipid peroxidation, and offers a valid experimental tool to obtain lipoprotein fractions which are oxidized both in the fatty acid and cholesterol components [24] . Using chylomicron remnants or CRLPs oxidized by this method with J774 or THP-1 macrophages respectively, we have demonstrated that oxidation causes no increase in the amount of lipid accumulated, nor any change in the type of lipid or the increase in TAG synthesis induced [20, 21] . Since the main candidates for the uptake of atherogenic modified lipoproteins are the scavenger receptors [25] , on the basis of the results of our studies we could conclude that the scavenger receptors do not play a key role in the macrophage internalization of oxidized chylomicron remnants.
Epidemiological evidence indicates that diets rich in fruits and vegetables, which contain relatively high levels of natural antioxidants such as vitamin E and carotenoids, reduce the risk of heart disease, suggesting that these effects are, at least in part, related to their ability to scavenge free radicals [26] . This has led to the hypothesis that antioxidants may have a preventative effect in atherosclerosis. To investigate the hypothesis that protection of chylomicron remnant particles from oxidation by the incorporation of antioxidants found in the diet inhibits foam cell formation, we studied the effects of CRLPs containing either lycopene, a natural carotenoid with antioxidant properties [27] , or probucol, a phenolic antioxidant lipophilic drug [28] , on lipid accumulation in THP-1 macrophages.
Our findings showed that the remnant particles containing the antioxidants are indeed protected from oxidation, but, that this led to enhanced, rather than reduced, lipid accumulation in the cells (Figure 3) [29, 30] . We also showed that this was due to a markedly increased rate of uptake of the particles, and to raised intracellular synthesis of TAG, but not CE [30] . These results suggest that antioxidants carried in chylomicron remnants enhance lipid accumulation in macrophages by increasing the rate of uptake of the particles and raising the intracellular synthesis of TAG. Antioxidants carried in chylomicron remnants, therefore, may tend to promote the development of atherosclerosis, and this is likely to be particularly important in conditions where clearance of remnants from the circulation is delayed.
Conclusions
There is a relationship between abnormalities in the clearance from plasma of chylomicron remnants and accelerated progression of atherosclerosis [17] . Our studies indicate that the levels of both postprandial TAG and cholesterol have to be considered an independent source of lipid accumulation in macrophages, as whole particle endocytosis, extracellular macrophage TAG hydrolysis and CE selective uptake all contribute to the internalization of chylomicron remnants by human macrophages. Furthermore, other lipophilic compounds in the diet may influence and regulate the metabolic interactions between dietary lipids and the arterial wall. In the future, more research will be required to understand the balance between the different mechanisms of internalization and the pathways of regulation both in normolipidaemic and hyperlipidaemic conditions.
